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ABSTRACT 
Small pieces of mouse pancreas  were rapidly frozen in helium II, substituted  in methanol 
at  -- 75 ° C., and embedded in methacrylate by ultraviolet polymerization  in the cold. The 
unstained  cells show a  structure  similar to that  after  OsO4 fixation, except that  the  RNP 
particles  have little or no contrast  and  the  mitochondria  and  Golgi zones appear  as grey 
areas  without  internal  structure.  After staining  the  sections by floating  them on solutions 
of lead  acetate  or  osmium  tetroxide,  there  is  an  increase  in  contrast  of RNP  particles, 
ergastoplasmic  membranes,  and  zymogen  granules.  Mitochondrial  and  Golgi membranes, 
zymogen  granule  membranes,  and  a  membrane  along  the  outside  of the  ergastoplasmic 
cisterna  appear  in  negative  contrast.  The  structure  of the  ergastoplasm,  the  existence  of 
RNP  particles,  and  the  production  of negative  contrast  are  discussed.  A  modification  of 
Gomori's  method  for  acid  phosphatase  produces  a  lead  deposit  around  the  periphery  of 
the zymogen granules.  Possibly this deposit does not represent  the true  site of the enzyme, 
but the results show the feasibility of histochemistry at the level of resolution of the electron 
microscope. 
INTRODUCTION 
Since  the  work  of  Gersh  (9),  freeze-drying  has 
been used extensively to fix tissues for light micros- 
copy.  Although  it  is  equally  satisfactory,  the 
technic  of freeze-substitution  (28)  has  been  used 
less  frequently.  There  have  been  attempts  to 
freeze-dry  tissue  for  electron  microscopy  (10, 
23,  29)  and  good  results  have  been  obtained 
recently  (13,  30).  Since  the  freeze-substitution 
method of Fern~ndez-Morfin  (6,  8)  has  also been 
successfully  applied  to  the  preparation  of tissues 
for  electron  microscopy,  it  was  used  on  mouse 
pancreas  in  the  present  study.  Watson  (35)  has 
shown  that  it  is  possible  to  stain  thin  sections  of 
osmium-tetroxide  (OsO4)-fixed  material  to  en- 
hance  the  contrast  in  the  electron  microscope 
image.  With  the  objective  of using  heavy  metal 
stains on cryofixed material,  lead acetate, osmium 
tetroxide, and a more specific stain, the lead phos- 
phate  deposited  as  a  result  of  the  Gomori  (11) 
reaction  for  the  enzyme  acid  phosphatase, 
were used. 
The  variant  of  the  Fernfindez-Morgm  "cryo- 
fixation"  technic  used  consists  essentially  of 
rapidly  freezing  the  tissue  in  liquid  helium  II  at 
-272°C.,  followed  by  substitution  of  the  tissue 
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639 water  with  alcohol  at  low  temperature  and,  also 
at low temperature, of embedding in methacrylate 
by ultraviolet polymerization.  The requisites for a 
method  of freezing  tissue  for electron  microscopy 
are  obviously  stricter  than  for  light  microscopy. 
The disruptions caused by ice crystals of the order 
of 1 /~ in diameter would  not be easily seen in  the 
light  microscope.  Modern  electron  microscopes 
have  a  resolution  limit  of  better  than  10  A  and 
the  ideal freezing  technic would  be one  in  which 
the tissue water became vitreous.  Stephenson  (32) 
has  shown  that  this  requires  very  rapid  cooling. 
Fernfindez-Morfin (7)  states that liquid helium II 
is "an ideal medium for uhrarapid freezing of thin 
specimens  to  temperatures  approximately  100°C. 
lower  than  those  commonly  obtained  with  iso- 
pentane-liquid  nitrogen  coolants  because  it  also 
exhibits  the  unique  properties  of  super  heat- 
conductivity  and  superfluidity." 
MATERIAL  AND  METIIODS 
Liquid helium I was contained in a  double Dewar 
ttask  with  liquid  nitrogen  in  the  outside  vessel. 
The helium container was evacuated to a  pressure 
of less than  38 mm.  Hg with  a  high speed  pump, 
thus removing the helium gas as it was formed and 
causing  a  fall  in  temperature  of  the  remaining 
liquid. The transition to helium II was readily seen 
for at that point the helium ceased  to boil. 
Small  pieces  of  mouse  pancreas  (less  than  1 
ram. a) were quickly removed from the animal and 
placed in little cups of aluminum foil, which were 
introduced  into  the  helium  II  through  a  large 
bore stopcock  in  the  top of the Dewar  flask.  This 
stopcock  was  kept  closed  except  when  the  tissue 
entered.  The  foil  cup  of  tissue  was  put  into  the 
stopcock so that it rested on the top of the barrel. 
The  outside  end  of  the  stopcock  was  connected 
to  a  line  giving  helium gas  at  atmospheric  pres- 
sure. A  quick  180 ° rotation of the stopcock caused 
the  tissue  to  be  shot  rapidly  into  the  helium  lI 
during  the  short  time  the  stopcock  was  open. 
After several pieces of tissue had  been frozen,  the 
helium  was  brought  up  to  atmospheric  pressure, 
and  the  liquid  helium  containing  the  tissue  was 
poured  into  liquid  nitrogen. 
Several  test  tubes  containing  clean  methanol, 
which was dried over Linde molecular sieve  f4A, 
had  been  previously cooled  to  --75°C.  in  a  dry- 
ice--acetone  mixture.  Small  gelatine  capsules  of 
the  type  normally  used  for  methacrylate  em- 
bedding  were  weighted  and  hung  on  pieces  of 
thread.  The capsules were immersed in the liquid 
nitrogen,  and the pieces of tissue were  transferred 
from  the  foil  to  the  capsules  under  the  surface. 
The  capsules  were  quickly  lifted  out  and  placed 
in  the  methanol,  thus  avoiding  condensation  of 
moisture from the air on the outside of the tissue. 
Freeze-substitution,  continued  for  2  weeks  at 
--75°C.  using  three  changes  of  methanol,  was 
followed  by  impregnation  with  a  mixture  of  90 
per  cent  butyl  methacrylate  and  10  per  cent 
methyl  methacrylate,  with  the  addition  of ~  per 
cent  luperco  initiator for 3  days  at  --75°C.  The 
tissue was soaked  in  a  prepolymerized  mixture of 
the  same  methacrylates  for  1  day  at  --5°C. 
Hardening was effected with ultraviolet light in  a 
cold room at  --5°C.,  although the temperature of 
the  specimen  was  undoubtedly  much  higher  be- 
Explanation  of Figures 
All the micrographs show  portions of exocrine cells  of  the  mouse  pancreas  lixed  by 
the helium cryofixation technic. 
FIGURE ] 
Thick  section  without  heavy  metal  staining showing  ergastoplasm  (Ere')  with  some 
indication of Paladc particles. The mitochondria  (Mi) appear as elongated  grey areas. 
Vacuole (V), intercellular space (IS).  X  30,000. 
FIGURE 
Central  region  of cell  without  heavy  metal  staining.  Zymogen  granules  (Z)  and  a 
grey Golgi zone (G) can be seen. Mitochondrion (Mi), ergastoplasm (Erg). X  30,000. 
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The  entire  procedure  of  substitution  and  em- 
bedding took place in the same capsules. 
Thin  sections  were  cut  with  a  Porter-Blum 
microtome  equipped  with  a  diamond  knife, 
floated off on a bath containing 5 per cent acetone 
in  distilled  water  and  picked  up  on  formvar 
coated  grids,  which  had  been  stabilized  wilh  a 
thin fJlm of evaporated carbon. The sections were 
examined  in  a  Siemens  Elmiskop  I  electron 
microscope. 
Some sections were examined without staining, 
while  others  were  stained  by  floating  the  grids, 
section side down, on staining solutions contained 
in  syringes modified  according  to  Peachey  (20). 
After  staining,  the  grids  were  well  washed  in 
distilled water, dried, and examined in the electron 
microscope. The following stains were used : 
Osmium Tetroxide."  A  2 per cent solution buffered 
to pH 7.2 with Michaelis' veronal acetate mixture 
(15).  Staining for 2  minutes at room temperature 
gave the best results. 
Lead  Acetate."  An  alkalized  saturated  solution 
made  up  according  to  Watson's  specifications 
(35).  Staining for 5  minutes at room temperature 
proved  optimal. 
771e Gomori Lead Method for Acid Phosphatase."  The 
histochemical test  for  acid  phosphatase uses  gly- 
FIGURE 3 
Thin section of cell showing unstained ergastoplasm. Over most of the  section the Palade  particles 
arc not visible,  but in some places there is a faint suggestion of distinct particles in the expected loca- 
tions.  X  120,000. 
FIGURE 
Similar section to that in Fig. 3 except that it has  been stained with lcad acetate.  The contrast of the 
Palade particles is increased so that they are visible over the whole section. The arrow  points to the 
negatively stained membrane on the outside of the cisternal space.  X  120,000. 
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Portion of cell after staining with lead acetate showing that the increase ot contrast of Palade  particles 
is uniform throughout the cell. Ergastoplasm (Erg),  mitochondrion (Mi),  zymogen  granule  (Z). The 
dark llne is a  fold in the section.  X  30,000. 
cerophosphate  as a  substrate at pH  5  in the pres- 
ence of lead  nitrate. The  phosphate ions liberated 
are  precipitated  in  the  form  of  lead  phosphate. 
For  light  microscopy  this  is  made  visible  as  the 
black  sulphide  but  since  the  lead  itself is  dense 
enough  for  electron  microscopy  the  process  need 
not  advance  beyond  the  phosphate.  Gomori's 
modification (12) of his original substrate was used. 
The sections were floated on the solution at 37°C. 
for  periods  varying  from  2  minutes  to  16  hours; 
no increase in intensity of staining occurred  after 
5 minutes. After incubation, the grids were  washed 
for  2  minutes in  2  per cent  acetic  acid  to remove 
lead  salts  other  than  the  phosphate  and  then 
washed in distilled water. 
As  a  control,  sections  were  incubated  on  (a) 
Gomori substrates to which had been added 0.025 
per  cent  or  0.25  per  cent  sodium  fluoride,  (b) 
a  solution  of  0.15  per  cent  lead  nitrate,  and  (c) 
a  saturated  solution  of  lead  phosphate.  Except 
for the incubating solution, the controls were sub- 
sequently  treated  like  the  sections  incubated  on 
the  Gomori  substrate. 
RESULTS 
Sections  that  have  not  been  stained  with  heavy 
metals  show  many  of  the  features  of  OsO4-fixed 
pancreas  (31).  The  ergastoplasm  has  the  char- 
acteristic  double  membrane  structure,  but  the 
Palade  (17)  particles  are  visible  only  in  some 
areas  (Figs.  1  and  2)  and  there  is  only  a  faint 
suggestion of their presence  in a  thin section of  a 
well  fixed  area  (Fig.  3).  The  material  within  the 
cisternae, as cmnpared with that of the cytoplasm, 
is  more  dense  than  after  OsO4  fxation.  The 
zymogen granules are less dense and do not have a 
visible limiting membrane.  Mitochondria and the 
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internal or  limiting  membranes.  These  organelles 
can  only  be  recognized  by  virtue  of  their  shape 
and position within the cell (Fig. 2). The structure 
of the nucleus will not be described in this paper. 
The  main  effect of lead  acetate  staining  (Figs. 
4 and 5) is the increase in contrast of the regularly 
spaced Palade particles (average size  150 A) along 
the  membranes  of  the  ergastoplasm.  In  addition 
to  the  thin  dense  line  to  which  the  particles  are 
attached,  there is a  line of average width of 70 A 
and  of  negative  contrast  on  the  cisternal  side 
(Fig.  4).  The  slight staining of the internal struc- 
ture  of mitochondria is of the  same  nature but is 
not as pronounced  as that produced  by OsO~. 
Micrographs  of sections  stained  with  OsO4  are 
shown  in  Figs.  6  and  7.  There  is  an  increase  in 
contrast  of  the  ergastoplasm,  of  the  zymogen 
granules  and,  to  some  extent,  of the  Palade  par- 
ticles.  The  membranes  of  the  mitochondria  and 
the  Golgi  zone,  the  limiting  membranes  of  the 
zymogen  granules,  and  a  line  along  the  outside 
of the cisternal space of the ergastoplasm all show 
up  in negative contrast compared  to  that seen  in 
OsO4-fixcd  material.  The negative contrast mem- 
branes  have  an  average  thickness  of  70  A.  The 
two  70 A  membranes of  an  individual  crista  are 
not  easily  resolved  in  the  mitochondria. 
Gomori's method for acid phosphatase produces 
a  dense deposit ahnost exclusively along the edges 
of the zymogen granules (Fig. 8). In the controls, a 
similar  deposit  was  seen  in  the  case  of the  0.025 
FIGURE 6 
Effect of staining with osmium tctroxide. Pa|ade particles can be seen along membranes of the crgasto- 
plasm  (Erg).  The  mitochondria  (Mi)  have negatively stained  membranes.  Zymogen  granule  (Z), 
X  70,000. 
FIGURE 7 
Section treated in the same way  as that in Fig.  6.  There  is negative contrast of  membranes of the 
Golgi zone (G), outer membranes of zymogen granules (Z), and the membrane bounding the cisternae 
of the ergastoplasm (Erg).  N  70,000. 
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Lead deposition around zymogen granules  (Z) after use of a  modification of the Gomori technic for 
acid phosphatase.  The Golgi zone (G) is a grey diffuse area between granules.  X  30,000. 
per cent but not in the 0.25  per cent NaF; neither 
was  it  seen  after  floating  the  grids  on  the  lead 
nitrate or the lead phosphate solutions. 
All cells illustrated  show some signs of damage, 
such  as  tearing  apart  of  the  ergastoplasm  and 
shrinkage  of  the  mitochondria  and  zymogen 
granules,  which  probably  occurs  at  some  stage 
later  than  the  helium  fixation,  for  it  does  not 
resemble  the  characteristic  ice  crystal  damage. 
After  helium  fixation  there  is  a  well  fixed  zone 
about  10 cells wide near the edge of the block. The 
rest exhibits ice crystal distortion. 
DISCUSSION 
In  addition  to  the  negative  staining  of  mito- 
chondrial  membranes  originally  reported  by 
Sj6strand  and  Baker  (30),  I  have  observed  a 
similar  phenomenon  with  Golgi  membranes, 
zymogen  granule  limiting  membranes,  and  a 
membrane  along the cisternal  side of the ergasto- 
plasm.  The  negative  staining  is  caused  not  by 
removal of material during staining but by positive 
staining  of the  background.  The  material  of the 
membranes,  which  usually  stains  intensely  in 
OsO4-fixed tissue, must have been removed during 
preparation.  Most  likely  it  dissolves  in  the 
methacrylate  since  all  the  other  stages  in  the 
preparation  are  carried  out  below  -75°C.  and 
solubility decreases with temperature.  (The technic 
as  employed  by  Fernfindez-Mor~n  (6,  8)  does 
use  a  lower  temperature  for  polymerization  as 
well.)  Sj6strand  and  Baker  (30)  obtained  negative 
staining  after  freeze-drying  in  which  no  solvent 
other  than  the  methacrylate  came  into  contact 
with the tissue,  but if the dried tissue was exposed 
to  osmium  before  embedding  there  was  positive 
contrast.  Stoeckenius  (33)  shows  that  unfixed 
phospholipids  are  soluble  in  methacrylate.  The 
unit  membrane  is  thought  to consist  of phospho- 
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21,  33)  and,  in  OsO4-fixed  material,  both  con- 
tribute  to the image seen.  Since the negative con- 
trast  membranes  have  an  average width of 70 A, 
it  may  be  that  the  adsorbed  protein  is  removed 
with  the  phospholipid. 
Palade  particles  have  little  or  no  contrast  in 
unstained  sections,  but  after staining,  particularly 
with lead  acetate,  they  appear  in  rows on  a  thin 
dense  membrane,  which  is  itself in  contact  with 
the  low-contrast  negative-stained  membrane.  It 
is also of interest to note that,  after staining of the 
sections  with  chromyl  chloride  vapor,  rows  of 
white  dots  corresponding  to  the  positions  of  the 
Palade  particles  appear  (2).  Chromyl  chloride  is 
thought  to  cause  the  removal  of  some  proteins 
from sections  (3).  The  ergastoplasmic  membrane 
appears  to  consist  of  a  70  A  unit  membrane  to 
which  there  is  attached  an  additional  thin  layer 
of protein covered with RNP particles. The almost 
complete  absence  of the  150  A  particles  in  thin 
sections  of  unstained  material  is  assumed  to  be 
due  to  lack  of  contrast,  for  the  thickness  of  the 
line  seen  in  such  sections  is  sufficient  to  accom- 
modate both the particles and the protein layer to 
which  they  are  attached.  The  existence  of  the 
characteristic  150 A  particles within the cytoplasm 
of the living cell has recently been  questioned  on 
the  basis  of  results  obtained  with  freeze-drying 
(13,  30).  Hanzon  et  al.  (13)  state  that  the  RNP 
particles  are  artifacts  arising  from  fixation  or 
homogenization.  Since  the  time  that  Palade 
demonstrated  them  with  the  electron  microscope 
(17)  and  he  and  Siekevitz  showed  them  to  be 
morphologically  similar  to  the  particles  attached 
to the microsomal fraction  of liver (18)  and  pan- 
creas  (19), there has been  mtmh effort devoted to 
characterizing  the  particles  biochemically  and 
physically.  Siekevitz  and  Palade  have  done  part 
of this work and presented it, along with references 
to  work  by  others,  in  a  series  of  papers  dealing 
with the pancreas  (24-27,  36). These authors have 
demonstrated  that  the  particles  contain  RNA; 
incorporate  labeled  amino  acids  in  vivo;  and  are 
remarkably constant in size and density as demon- 
strated  both  in  the  electron  microscope  and  by 
their  sedimentation  coefficients.  It  has  also  been 
shown  that  the  fraction  containing  the  particles 
incorporates  labeled  amino  acids  in  vitro  (14).  In 
the  light  of  these  facts,  the  hypothesis  that  the 
particles  are  artifacts  needs  further  examination. 
Another explanation of the results of Hanzon et al. 
(13)  is  that  freeze-drying  causes  a  flattening  of 
unfixed  RNP  particles  where  they  are  attached 
to  surfaces but not where  they  are  free,  either  in 
suspension  or  after  disturbance  by  ice  crystal 
formation.  Anderson  (1)  has  shown  that  freeze- 
drying with its attendant  phase changes embodies 
surface  tension  forces  that  produce  distortion  of 
bacteria.  The  nature  of such  forces  would  result 
in the flattening of bodies on surfaces and rounding 
off of  those  suspended  within  a  matrix.  Freeze- 
substitution  eliminates  the  need  for  passing 
through  liquid-gaseous  phase  boundaries  and 
appears  to  be  a  more  reliable  method.  At  least, 
the  present  results  give  the  Palade  particle  a 
further lease on life. 
Van  Lancker  and  Holtzer  (34)  have shown  by 
centrifugation  studies  that  acid  phosphatase  is 
present to some extent in all fractions of the mouse 
pancreas,  40 per cent of the activity being associ- 
ated  with  the  mitochondria.  The  present  resuhs 
are  in  disagreement  by  showing  a  deposition  of 
lead almost completely limited to the periphery of 
the zymogen granules.  There is some doubt, how- 
ever,  as  to  the  reliability of the  Gomori  reaction 
as a test for intracellular localizations of acid phos- 
phatase  (16).  The dense  areas do not represent  a 
non-specific  take-up  of  lead  by  protein,  for  the 
effect was  not  seen  after  floating  the  sections  on 
lead  nitrate  or  phosphate  solutions.  Nevertheless, 
the high concentration  of sodium fluoride needed 
to  inhibit  the  reaction  suggests  that  the  enzyme 
located  may  be  alkaline  rather  than  acid  phos- 
phatase, since the former is less sensitive to sodium 
fluoride  (4,  22).  More work  is  required,  possibly 
with other histochemical methods,  before the true 
location  of  acid  phosphatase  can  be  established, 
but  this  investigation has  shown  the feasibility of 
using freeze-substituted sections for electron micro- 
scopic histochemistry.  Since protein  has  sufficient 
contrast  to  appear  in the electron  image  without 
metal  staining,  it  may  be  possible  to  use  histo- 
chemical  reactions  that  have  a  non-metallic  end 
product.  The  method  used  in  this  study  is 
analogous  with  light  microscopic  histochemistry 
of  frozen  sections  and  it  is  hoped  that  the 
Ferng~ndez-Morgm  cryofixation  technic  will  open 
the way to further specific enzyme location at the 
level of resolution of the electron microscope, con- 
ferring  the  same  benefits  on  electron  microscopy 
that freeze-drying did on light microscopy. 
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